We report on the first searches for lepton flavour violating τ − decays at a hadron collider. These include searches for the lepton flavour violating decay τ − → µ + µ − µ − and the lepton flavour and baryon number violating decays
Introduction
The introduction of mass terms for the neutrinos in the Standard Model (SM) allows for charged lepton flavour violating (LFV) decays, albeit with vanishingly small branching fractions. However many New Physics (NP) models such as certain flavours of the Minimal Supersymmetric Model, R-parity violating Supersymmetry and Littlest Higgs with T-parity allow for enhanced rates which approach current experimental sensitivities in certain regions of parameter space [1] . Setting limits on the branching fractions of such decays helps to constrain these models, whilst a direct observation of charged LFV would be a clear sign of NP.
Focussing specifically on the decays of the τ − lepton, traditionally the experimental limits have been set by the e + e − colliders, due to their ability to tag the τ − . This reduces background rates and provides a direct measurement of the numbers of τ − produced. However at the LHCb experiment [2] , the inclusive τ − production cross section is large, such that in one nominal year of data taking a factor of ∼ 100 more τ − are produced than in the total samples collected over the lifetimes of the Belle and BaBar experiments. This, combined with the clean detector signatures provided by final state muons, makes searches for decays such as τ The physics reach of these searches can be further extended by considering decays such as τ − →pµ + µ − and τ − → pµ − µ − , which are also baryon number violating and lepton number violating, whilst still containing multiple final state muons. These decays both have |∆(B − L)| = 0 (B and L are the net baryon number and lepton number respectively), as required by most extensions of the SM, but could have rather different NP interpretations [5] . No measurements for these decays currently exist, but complementary searches such as τ − → Λh − ,Λh − (with h = π, K) have been performed by BaBar and Belle, with limits of order 10
obtained [6] .
In the following we describe the searches for
− decays using a sample of proton-proton collisions collected at √ s = 7 TeV in 2011, corresponding to an integrated luminosity of 1.0 fb −1 .
Event selection
After passing the LHCb trigger [7] , candidates are selected with loose cuts based on the kinematics of the reconstructed particles. For the τ → pµµ channels loose particle identification (PID) requirements are also applied. As the analysis is performed blind, initially candidates within ±30 MeV/c 2 of m τ are excluded. In the case of τ − → µ + µ − µ − , the candidates are then classified according to three likelihoods, M 3body , M PID and the invariant mass of the τ − candidate. M 3body is a multivariate classifier that uses the kinematic and geometrical properties of the τ − candidate to distinguish displaced 3-body decays from N-body (N ≥ 3) and combinations of tracks from different vertices. M PID is a multivariate classifier that quantifies the compatibility of each of the three decay products with the muon hypothesis, using information from the Ring Imaging Cherenkov detectors, calorimeters and muon stations. M 3body and M PID are trained on signal and background (inclusive bb and inclusive cc) Monte Carlo (MC) and
respectively. The number of bins and the position of the bin boundaries in each classifier are optimised, and in both cases 5 bins is found to be optimal. Figure 1 shows the response of M 3body and M PID for τ − → µ + µ − µ − signal MC and background MC. For invariant mass classification the signal mass window is divided into 6 equal width bins within ±15 MeV/c 2 of the expected τ − mass and the signal shape in the mass window is taken from the fit to D − s → φ(µ + µ − )π − events in data. Both the central value of the mass window and the mass resolution are corrected according to the measured scaling and resolution in data at LHCb. Figure 2 shows the distribution of τ − → µ + µ − µ − MC candidates in the signal mass window.
For τ − →pµ + µ − and τ − → pµ − µ − the candidates are classified according to M 3body and the invariant mass of the τ − candidate, in an identical manner to τ − → µ + µ − µ − . PID requirements are then imposed through the application of hard cuts on the muon and proton delta log likelihoods, which are tuned on signal MC and the outer data sidebands. Figure 3 shows the response of M 3body for τ − →pµ + µ − and τ − → pµ − µ − , whilst Figure 4 shows the distribution of τ → pµµ MC candidates in the signal mass window.
Normalisation
To estimate the signal branching fraction for τ − → µ + µ − µ − we normalise the number of observed signal calibration channel using:
The branching fraction of
based upon the negligible contribution of non-resonant events, as measured in data. f For τ − →pµ + µ − and τ − → pµ − µ − the normalisation is identical, aside from the inclusion of the PID cut efficiencies in sig and norm . This results in a larger normalisation factor, but a reduced background level, such that the overall effect is similar to the use of the multivariate classifier.
The advantage of the relative normalisation is that many of the systematic errors that are common to both the signal and normalisation channels cancel and an explicit knowledge of the luminosity and the inclusive τ − cross section are not required.
Results
The expected number of background events per bin is calculated from an extended, unbinned maximum likelihood fit to the mass spectrum, excluding the signal region.
For the τ − →pµ + µ − and τ − → pµ − µ − decays the background probability density function (PDF) is defined as an exponential function and from background studies, we expect no peaking backgrounds in the signal windows. Fits to the highest likelihood bins in the data are shown in Figure 5 , where the solid lines indicate the background PDF and the dashed lines indicate linear fits, which are used for systematic studies. whilst the solid line indicates the full background PDF. For τ − → µ + µ − µ − in the final limit calculation the lowest bins in M 3body and M PID are excluded as these are found not to contribute to the sensitivity.
The signal region is then unblinded and using the CL s method [11, 12] we set observed limits at 95% (90%) CL of: 
Conclusion
LHCb has made the first lepton flavour violation measurements at a hadron collider with τ − → µ + µ − µ − . Although the current limit is a factor of 3 larger than those set by the B-factories, we expect to approach and eventually improve upon these in the coming years. We have also set the first limits on the lepton flavour violating and baryon number violating decays τ − →pµ + µ − and τ − → pµ − µ − .
